Background Animal models that allow concurrent access to drug and nondrug reinforcers provide unique insight into the etiology, maintenance, and treatment of drug use. Objectives We sought to develop and utilize a concurrent access procedure with nicotine and sucrose in rats. Methods Pressing one lever delivered intravenous nicotine, and pressing another lever delivered sucrose pellets, with both reinforcers freely available throughout daily sessions. Results Rats that had been pretrained with nicotine on some days and sucrose on other days responded on both levers when subsequently given concurrent access, but almost all responded at substantially higher rates on the sucrose lever. In contrast, rats pretrained exclusively with nicotine before being given concurrent access showed individual differences, with about half responding more on the nicotine lever. Treatment with the nicotinic receptor partial agonist varenicline selectively decreased nicotine self-administration. Food restriction and removal of the sucrose lever both increased nicotine selfadministration. Conclusions The finding that rats continue to take nicotine when sucrose is concurrently available-and in many cases take it more frequently than sucrose-demonstrates that nicotine self-administration does not only occur in the absence of alternative reinforcement options. As a model of human nicotine use, concurrent access is more naturalistic and has higher face validity than procedures in which only one reinforcer is available or choosing one reinforcer precludes access to other reinforcers. As such, this procedure could be useful for evaluating therapeutic agents and improving our understanding of environmental conditions that promote or discourage nicotine use.
Introduction
Drug self-administration has long been used as an animal model of drug use. As typically employed, the animal is essentially offered a choice between taking a drug and not taking the drug, with not taking the drug functioning as a catchall for behaviors and reinforcers that are unspecified and unmeasured. However, there can be advantages to offering a more focused alternative, such as concurrent access to a nondrug reinforcer (e.g., Nader and Woolverton 1991; Negus 2003; Thomsen et al. 2013) . Such choice procedures provide a more complete model of the decision processes governing human drug-seeking behavior. For example, laboratory studies of choice between drug and nondrug reinforcers in humans have shown that drug use can be reduced by increasing the magnitude of the alternative reinforcer (Higgins et al. 1994; Bisaga et al. 2007 ) and that preference for drugs over nondrug reinforcers is associated with the individual's level of drug dependence (Hogarth 2012; Moeller et al. 2009 ) and propensity to relapse (Moeller et al. 2013; Perkins et al. 2002) .
Concurrent schedules have been used extensively to study choice between drug and nondrug reinforcers (see reviews by Bickel et al. 1995; Banks and Negus 2012) . These schedules M. Shoaibcan be arranged in two general ways, discrete trials and free operant, that focus on qualitative and quantitative aspects of choice, respectively. In microeconomic terms, these correspond to asking which brand is preferred among similar commodities versus what are the preferred proportions of dissimilar commodities (Wetzstein 2013) . In free-operant procedures, both choices are available continuously throughout the session, or there is only a brief timeout after each reinforcement, allowing the subject to allocate behavior between the alternatives. In discrete trials procedures, the levers are typically retracted for a period after each reinforcer is delivered, so taking one reinforcer automatically limits intake of the other. In other words, choice of one reinforcer in a discrete trials procedure carries a high opportunity cost in terms of lost access to the other reinforcer. For this reason, discrete trials procedures are well suited for determining the relative values of reinforcers. However, free-operant procedures might be more representative of environments in which opportunity cost is low and a reinforcer that is not at the top of the preference scale can still maintain substantial amounts of behavior.
Lenoir, Ahmed, and colleagues have shown that most rats allowed to choose between cocaine and sweet fluids (sucrose or saccharin solution) in discrete trials procedures have a strong preference for the nondrug reinforcer (Ahmed 2010; Lenoir et al. 2007 ). The percentage of rats preferring cocaine over saccharin is at most about 15 % even when they have been given extensive training with cocaine prior to choice testing (Cantin et al. 2010 ). This phenomenon suggests that cocaine might only exert strong control over behavior in certain individuals or when alternative forms of reinforcement are unavailable. In contrast, 51 % of rats given extensive pretraining with heroin preferred heroin over saccharin, compared to only 11 % of rats given no pretraining with heroin (Lenoir et al. 2013) . Kerstetter et al. (2012) found that male rats took cocaine more frequently than food pellets under a free-operant concurrent schedule, but not under a discrete trials schedule similar to that of Lenoir et al. (2007) ; female rats took cocaine more often than food under both procedures. Thus, drug preference depends on the drug class, prior experience with the drug, individual differences in sensitivity to drug reinforcement, and the schedule conditions under which the choice is offered.
Nicotine is somewhat puzzling because it is highly addictive (Carter et al. 2009; Stolerman and Jarvis 1995) , yet by some measures, its reinforcing effects are weak (Chaudhri et al. 2006; Le Foll and Goldberg 2006) or masked by its own aversive effects (Tan et al. 2009 ). Individual rats vary widely in their intake of oral nicotine solution when it is provided continuously in the home cage with plain water also available (Nesil et al. 2011 ), but Glick et al. (1996) found that most water-restricted rats prefer a low-concentration oral nicotine solution over plain water under a concurrent schedule.
However, to our knowledge, concurrent access to nicotine and food has not been studied in rats or other laboratory animals. Therefore, it could be useful and informative to develop a rodent procedure for studying concurrent access to intravenous nicotine and sucrose pellets, a highly palatable food made available only in the testing situation.
In the present study, rats could obtain intravenous nicotine by pressing one lever and sucrose pellets by pressing another lever under a free-operant concurrent schedule with a low response requirement and a brief timeout. We examined the effects of pretraining with each of the reinforcers separately prior to concurrent access versus pretraining only with nicotine self-administration prior to concurrent access. To evaluate the potential of the concurrent schedule for modeling the effects of antismoking treatments, we tested the effects of varenicline, a partial agonist of α4β2 nicotinic receptors and full agonist of α7 nicotinic receptors (Mihalak et al. 2006) , that has shown efficacy for maintaining long-term smoking cessation (Cahill et al. 2012) . We also studied food-related manipulations that might affect nicotine self-administration; these included extinction of sucrose-lever responding and removal of the sucrose lever (to limit alternative sources of reinforcement), and discontinuation of food restriction (to decrease the value of sucrose as a reinforcer).
Methods

Subjects
Male hooded Lister rats (Harlan, Bicester, UK) were pairhoused in a temperature-controlled (20-22°C) and humidity-controlled room on a 12-h light cycle (0730-1930 hours) . Rats received ad libitum access to food until they were 10 weeks old and weighed 280-300 g. Food was restricted to about 16 g/day to maintain body weights at about 85 % to facilitate acquisition of nicotine self-administration. A Micro-Renathane (Braintree Scientific Inc., Braintree, MA) catheter was implanted into the external jugular vein under surgical anesthesia, as described in detail previously (Wing and Shoaib 2008) . Catheters were flushed daily with heparinized saline containing Baytril (enrofloxacin; Bayer PLC, Newbury, UK). All procedures complied with local and national ethical requirements and the Animals (Scientific Procedures) Act 1986, under license from the UK home office.
Apparatus
Plexiglas training chambers were enclosed in sound-attenuated, ventilated cubicles. Each chamber included a pellet dispenser that delivered 45 mg sucrose/dextrose pellets (5TUT Sucrose Reward Tablet, TestDiet Inc., Richmond, IN), a syringe pump and fluid swivel to deliver nicotine solution, and a cue light between two levers. Schedules were controlled by MED-PC software (Med Associates, St. Albans, VT).
Procedure
Sessions were conducted Monday through Friday. Each session started with illumination of the cue light and lasted for 60 min or until 100 sucrose pellets had been delivered (to prevent satiation). The two levers were randomly assigned across rats to deliver sucrose or nicotine. Under the concurrent schedule of reinforcement, pressing the nicotine lever produced a 1-s nicotine infusion (0.03 mg/kg) and terminated the cue light for a 20-s timeout period during which lever presses had no scheduled effect. Pressing the sucrose lever produced a sucrose pellet and also terminated the light for a 20-s timeout.
In experiment 1, rats (n=15) received single-lever training with sucrose and nicotine on separate days until reaching a stability criterion of three consecutive sessions with mean response rates varying no more than 15 % from the previous session. Only the sucrose lever was available during the first session, and only the nicotine lever was available during the second session. The next 17 sessions consisted of 11 nicotine sessions and 6 sucrose sessions in mixed order over days; more nicotine sessions than sucrose were required due to slower acquisition of nicotine responding. The response requirement was gradually increased from one response per reinforcement to a random-ratio 4 contingency (25 % chance of a response being reinforced) over the first four sucrose sessions and the first six nicotine sessions. In the second phase of experiment 1, there were three single-lever extinction sessions with each lever, in which pressing the lever had no programmed effect; this was intended to equalize response rates on the two levers prior to the concurrent access phase. In the third and final phase of experiment 1, concurrent access to nicotine and sucrose was provided for four sessions, with both levers available throughout each session. To avoid adventitious reinforcement of switching between levers, if a lever was pressed and did not produce reinforcement, switching to the other lever was never reinforced on the first response. The rats initially trained in experiment 1 were further studied in experiments 3, 4, and 5.
In experiment 2, an experimentally naive group of rats (n= 12) was initially trained with only the nicotine lever, with the response requirement gradually increased from one response per reinforcement to random-ratio 4 as in experiment 1, until the stability criterion was reached (which occurred in the 10th session). Then eight sessions of extinction were conducted, in which the nicotine lever was available but had no programmed effect; extinction was conducted for more sessions than in experiment 1 due to resistance to extinction in experiment 2. Finally, rats were given concurrent access to nicotine and sucrose for eight sessions under the same concurrent schedule used in experiment 1.
In experiment 3, the effects of varenicline were determined under the concurrent schedule. Varenicline was administered subcutaneously 10 min before test sessions conducted twice per week, interspersed with baseline sessions on non-test days. Varenicline doses of 0.1, 0.3, 1, and 1.5 mg/kg were tested in pseudo-randomized order, with 6, 7, 4, and 12 rats tested at these respective doses.
In experiments 4 and 5, 12 rats from experiment 3 were further studied to determine the effects of food-related manipulations on nicotine self-administration. In experiment 4, the nicotine dose was reduced by half, to 0.015 mg/kg; there were three baseline sessions under the concurrent schedule at the reduced dose, followed by four sessions in which both levers were still available but sucrose delivery was discontinued (sucrose extinction), and then three sessions in which the sucrose lever was removed. Experiment 5 consisted of a 2× 2 factorial design measuring the effects of sucrose lever (present versus absent) and feeding condition (restricted versus nonrestricted) on nicotine self-administration. The nicotine dose of 0.03 mg/kg was reinstituted and maintained throughout this experiment. After three baseline sessions under the concurrent schedule, the sucrose lever was removed for seven sessions to determine whether a lack of reinforcement alternatives would increase nicotine self-administration. During the last four of these sessions without the sucrose lever, food restriction was lifted by providing standard rat chow ad libitum in the home cage between sessions. Finally, there were three sessions in which food restriction remained lifted but rats were returned to the concurrent schedule.
Drugs
Nicotine hydrogen tartrate salt (Sigma, Dorset) was dissolved in 0.9 % saline solution, with the pH adjusted to 7.2±0.2 with diluted NaOH. Varenicline tartrate (Tocris Bioscience, Bristol, UK) was dissolved in 0.9 % saline.
Data analysis
Response rates were analyzed using restricted maximum likelihood analysis, the most valid approach for repeated measures data (Littel et al. 2006) . Reinforcement rates were proportional to response rates under the random-ratio contingency, so only analyses of response rate data are shown. In analyses involving both nicotine and sucrose responding, data were logarithmically transformed to compensate for skew. Paired comparisons were performed with Holm corrections (maintaining familywise p<0.05) to detect differences between the two levers within each session or (in experiment 3) within each dose of varenicline. Data for single-lever training sessions with sucrose in experiment 1 (not including the first session) were combined into blocks of two for paired comparisons.
Results
Experiment 1: concurrent access after pretraining with nicotine and sucrose separately During acquisition training in experiment 1, only one lever (and its associated reinforcer) was available during each session (Fig. 1a) . For these data, there was a significant interaction of session number and lever (F 8,56 =13.6, p<0.0001).
Responding on the sucrose lever increased each day over the first four sessions, then stabilized for the remainder of acquisition training. Responding on the nicotine lever also increased over sessions before stabilizing, but the increase occurred at a more gradual rate than with sucrose. Response rates were significantly higher on the sucrose lever than the nicotine lever in adjacent-day sessions throughout acquisition training. During extinction training, responding on the sucrose lever was significantly decreased during all three extinction sessions compared to the last day of single-lever sucrose training, and responding on the nicotine lever was significantly decreased during the second and third extinction sessions compared to the last 2-day block of single-lever nicotine training (p's<0.05). Response rates on the two levers did not differ from each other during extinction training (p's>0.32).
During concurrent training in experiment 1, both levers were available in each session. Throughout this phase, rats responded at a significantly higher rate on the sucrose lever than the nicotine lever (Fig. 1b) . The effect of lever was significant (F 1,14 =51.9, p<0.0001), and response rates on each lever remained stable (i.e., did not change significantly) over all 4 days of concurrent training.
Experiment 2: concurrent access without prior sucrose training
In experiment 2, all rats acquired the nicotine selfadministration response during the 10-day acquisition phase in which only the nicotine lever was available ( Fig. 1c ; effect of session number: F 17,187 =4.46, p<0.0001). However, compared to the last day of acquisition, responding on the nicotine lever did not decrease significantly during any of the 8 days of extinction training. When rats were offered both levers under the concurrent schedule, average response rates were significantly higher on the nicotine lever than on the sucrose lever during the first two sessions, but sucrose responding increased over the course of training and became significantly higher than nicotine responding during the last two sessions ( Fig. 1d ; interaction of session number and lever (F 7,77 =2.58, p<0.02). However, when the distribution of individual rats' allocation of behavior was depicted graphically (Fig. 2a) , it became clear that-unlike experiment 1 where almost all rats responded substantially more on the sucrose lever-the rats in experiment 2 exhibited a bimodal distribution (or at least a wider range of outcomes), with five rats responding more on the sucrose lever and seven responding more on the nicotine lever. Logistic regression of the data in Fig. 2a indicated that, compared to experiment 1, the training procedure used in experiment 2 produced a 19-fold increase in the odds of a rat responding predominantly on the nicotine lever (χ 2 1 =6.26, p<0.012).
To further compare the behavior of nicotine-preferring and sucrose-preferring rats in experiment 2, response rates were analyzed with nicotine preference included as a grouping variable, dichotomized for each rat as being either above or below 50 % (Fig. 2b, c, d ). The nicotine-preferring and sucrose-preferring subgroups did not differ during the single-lever acquisition and extinction phases ( Fig. 2b ; p's> 0.2). However, during concurrent access (Fig. 2c, d ), there was a significant interaction of preference subgroup, session number, and lever (F 7,70 =11.18, p<0.0001). Although both subgroups sampled both levers and responded at similar rates on the sucrose lever on the first day of concurrent access, only the nicotine-preferring subgroup consistently responded more on the nicotine lever than the sucrose lever throughout the concurrent access phase (Fig. 2c) , with this difference becoming significant during the last four sessions. In contrast, the sucrose-preferring subgroup responded significantly more on the nicotine lever than the sucrose lever during the first two sessions, but switched to responding significantly more on the sucrose lever by the fifth session (Fig. 2d ).
Experiment 3: effects of varenicline Treatment with the highest dose of varenicline selectively decreased nicotine self-administration under the concurrent schedule. There was a significant interaction of varenicline dose and lever ( Fig. 3; F 4 ,26 =5.65, p<0.003). Paired comparisons revealed that nicotine responding was significantly decreased at 1.5 mg/kg of varenicline, but sucrose responding was not significantly affected at any dose. Although average rates of nicotine responding increased slightly at the two lowest doses of varenicline, these increases were not significant and were due to several rats showing an increase in nicotine responding at either 0.1 or 0.3 mg/kg. The percentage of responses on the nicotine lever decreased from 8.7 % (±2.6) without varenicline to 1.4 % (±0.6) at the highest dose of varenicline. Responses per Session Nicotine Extinction Acquisition Session Fig. 1 Results of experiments 1 and 2. In experiment 1, rats were first trained to self-administer sucrose and nicotine with only one of the levers available during each session (a, Acquisition Sessions). Extinction training was then conducted, in which there was still only one lever available at a time, but no sucrose or nicotine reinforcement was delivered (a, Extinction). In the final phase of experiment 1, rats were allowed to selfadminister sucrose and nicotine with both levers concurrently available (b). In experiment 2, rats were initially trained to self-administer nicotine for 10 sessions, but were not given access to sucrose pellets (c, Acquisition Sessions). Then, the nicotine lever remained available but nicotine delivery was discontinued for eight sessions (c, Extinction). Finally, the rats of experiment 2 were given concurrent access to the sucrose and nicotine levers (d). All points represent mean (±sem). All sessions lasted for 1 h or 100 sucrose deliveries. Asterisks indicate significant differences (p<0.05) between sucrose and nicotine lever responding within specific sessions (or between each sucrose session and the corresponding two-session block of nicotine sessions during single-lever training in (a)) Concurrent training (Expt. 2, Nicotine Pref.) 
Responses per Session
Extinction Acquisition Session
Nic-Pref. Suc-Pref. Fig. 2 Individual-subject data from experiments 1 and 2 and subgroup data from experiment 2. a Individual rats' choice of the nicotine lever as a percentage of all responses within the session, averaged across all concurrent access sessions. b Acquisition and extinction training from experiment 2, presented separately for subgroups of rats with a preference for nicotine that was above 50 % (Nic-Pref.) or below 50 % (Suc-Pref.) in (a); (b) corresponds to Fig. 1c , where all rats' data were averaged. c and d Response rates from concurrent access testing in experiment 2 presented separately for the two subgroups; these panels correspond to Fig. 1d , where all rats' data were averaged. All points except those in (a) represent mean (±sem) nicotine dose was reduced from 0.03 to 0.15 mg/kg in experiment 4 (p's<0.05); mean (±standard error of the mean (sem)) rates of nicotine responding dropped from 16.3±4.1 to 8.0± 5.3 responses/session, and sucrose responding dropped from 299.7±29.9 to 184.9±34.7 responses/session. During sucrose extinction in experiment 4, sucrose responding was significantly decreased (versus the last baseline session) during all four extinction sessions, and by the second extinction session, it no longer differed significantly from nicotine responding ( Fig. 4a ; interaction of phase and lever: F 1,11 = 25.8, p<0.0004). With the results of experiment 4 summarized by averaging response rates on the nicotine lever within each phase (Fig. 4b) , it can be seen that nicotine responding increased slightly during the sucrose extinction phase and increased further when the sucrose lever was removed; however, the effect of phase only approached significance (p=0.07).
Experiment 5: effects of food satiation and sucrose-lever removal At the beginning of experiment 5, with the nicotine dose restored to 0.03 mg/kg, baseline rates of nicotine responding (8.9±3.0 responses/session) were about the same as the baseline rates in experiment 4, and baseline rates of sucrose responding (341.3±40.9 responses/session) increased compared to experiment 4, but not significantly (p=0.3, paired comparison from analysis of baseline rates for Experiments 3, 4, and 5, described above). However, removing the sucrose lever had a more robust effect in experiment 5 than in experiment 4, producing an immediate, significant increase in responding on the nicotine lever compared to the final day of the baseline phase ( Fig. 4c ; main effect of lever: F 1,11 = 357.6, p < 0.0001; main effect of phase: F 1,11 = 91.86, p<0.0001). When food restriction was lifted (with the sucrose lever still removed), rates of nicotine responding decreased but remained higher than those during the final baseline session. When the sucrose lever was returned and the rats were allowed to respond on the concurrent schedule without being foodrestricted, nicotine self-administration immediately decreased to about the level seen during the baseline phase. Response rates were averaged within each phase of experiment 5 to produce an interaction profile based on the factorial design (Fig. 4d) ; this analysis revealed a significant interaction effect of food restriction and sucrose-lever availability on nicotine self-administration (F 1,11 =9.6, p<0.01). Nicotine responding was lowest when the sucrose lever was available, and food restriction did not affect nicotine-lever responding when the sucrose lever was present. However, when the sucrose lever was removed, rates of nicotine responding were significantly higher during food restriction than during food satiation.
Discussion
These findings clearly indicate that nicotine selfadministration can be robust in rats even when alternative reinforcers are available. In experiment 1, rats that were given single-lever training with nicotine and sucrose separately continued to take both reinforcers when they were later given concurrent access; in fact, they took them at nearly the same rates that they had during single-lever training. In experiment 2, rats that were pretrained exclusively with nicotine diverged into two subgroups when they were later given concurrent access. One subgroup continued to self-administer nicotine at about the same rate they that had during single-lever training, while responding less frequently on the sucrose lever. The other subgroup doubled their nicotine responding initially, before switching to responding more on the sucrose lever than the nicotine lever.
Preference for drugs over alternative reinforcers may be an important marker of addiction. The finding that 58 % of the rats in experiment 2 responded more on the nicotine lever than the sucrose lever is surprising in light of the facts that only 7 % of the rats in experiment 1 did so, that cocaine generally has a higher reinforcing efficacy than nicotine under progressiveratio procedures in rats (e.g., Panlilio et al. 2007 Panlilio et al. , 2013 , and that no more than 15 % of rats have been found to prefer cocaine over sweet reinforcers with discrete trials concurrent testing (Cantin et al. 2010 ). This raises the question of whether responding more on the nicotine lever than the sucrose lever under the free-operant concurrent procedure can be considered a preference for nicotine. When only one reinforcer is available at a time, intravenous doses of nicotine and other drugs are self-administered less frequently than 45-mg sucrose Fig. 3 Effects of varenicline treatment on nicotine and sucrose responding under the concurrent schedule in experiment 3. Asterisks indicate significant differences between sucrose and nicotine lever responding within specific treatment levels. Pound sign indicates a significant decrease in nicotine responding at the highest dose of varenicline compared to nicotine responding under baseline conditions (the zero dose of varenicline). A significant familywise significance level of p<0.05 was maintained for all paired comparisons. All points represent mean±sem pellets. This is largely a function of pharmacokinetics rather than reward value (i.e., magnitude of reinforcement); drug self-administration responding temporarily ceases while drug levels are above a certain point, but the temporally intermittent response patterns that this produces are not replicated with food by simply increasing the number of food pellets per delivery (Panlilio et al. 2003 (Panlilio et al. , 2008 . Thus, a higher rate of responding on the sucrose lever than the nicotine lever under the free-operant concurrent schedule does not necessarily indicate a higher magnitude of reinforcement for sucrose. However, the opposite-a higher response rate on the nicotine lever than the sucrose lever-clearly indicates a departure from the norm and does suggest that the reward value of nicotine might be elevated in that individual. Under a discrete trials concurrent schedule, temporal intermittency is imposed by a long intertrial interval, and choosing one reinforcer limits access to the other. Under these conditions, saccharin is preferred over cocaine. However, the same rats still self-administer cocaine when saccharin is not available (Lenoir et al. 2007 ). We contend that most tobacco smokers are not faced with a qualitative, either-or choice, but allocate their behavior quantitatively between tobacco and other reinforcers (see Heyman 2013) . Increasing the price of cigarettes and limiting the areas where they can be smoked can alter behavior, but in most cases the opportunity cost associated with these measures is not sufficient to induce smoking cessation (Cavazos-Rehg et al. 2014; Hahn 2010) . Therefore, the free-operant concurrent schedule might provide a model of the human environment that is more naturalistic than procedures in which only one reinforcer is available (such as in a simple schedule of nicotine self-administration) or in which choosing one reinforcer precludes access to other Results of experiments 4 and 5. In experiment 4, the dose of nicotine was reduced to 0.015 mg/kg (from 0.03 mg/kg, the dose used in all other experiments). After three sessions under the concurrent nicotinesucrose schedule (a, Baseline), delivery of sucrose was discontinued (a, Sucrose Extinction), and finally, the sucrose lever was removed (a, Sucrose Lever Removed). Average levels of nicotine-lever responding within each phase of experiment 4 are shown in (b). In experiment 5, the nicotine dose was returned to 0.03 mg/kg. After three baseline sessions under the concurrent nicotine-sucrose schedule (c, Baseline), the sucrose lever was removed for seven sessions (c, Sucrose Lever Removed). During the last three sessions without the sucrose lever, food restriction was discontinued (c, overlap of Sucrose Lever Removed and Food Restriction Removed). Finally, the sucrose lever was returned but food restriction remained lifted (c, Food Restriction Removed). Average levels of nicotine-lever responding during each phase of experiment 5 were combined into the interaction profile shown in (d). Diamond symbols in (d) indicate that (1) with the sucrose lever removed, nicotine responding was significantly higher during food restriction than when food was not restricted and (2) under both the food-restricted and nonrestricted phases, nicotine responding was significantly higher with the sucrose lever removed than with the sucrose lever present. Asterisks in (a) and (c) indicate significant differences (p<0.05) between sucrose and nicotine lever responding within specific sessions. Pound signs in (a) and (c) indicate significant differences compared to the same lever on the last session of the baseline phase. All points and bars represent mean (±sem) reinforcers (such as in discrete-trials choice procedures). To the extent that nicotine self-administration in rats is controlled by variables that that also influence human tobacco use, closer correspondence between the model and the human environment not only lends face validity to the procedure but might also be found to improve its predictive validity. Compared to rats pretrained with nicotine and sucrose (experiment 1), nicotine responding was resistant to extinction in the rats that had been pretrained exclusively with nicotine (experiment 2). Resistance to nicotine extinction has been observed before (Cohen et al. 2005; Diergaarde et al. 2008; Le Foll et al. 2007 ) and suggests a more robust nicotineseeking response that might be due to conditioned reinforcing effects, such as sensory properties of the lever that were exclusively associated with nicotine in experiment 2 but not in experiment 1. It might also represent a lack of behavioral flexibility, which could indicate an addiction-like state (Galli and Wolffgramm 2011) . Although resistance to extinction occurred in experiment 2 regardless of whether the individual would later develop a preference for nicotine over sucrose, a more robust nicotine-seeking response would be consistent with the overall greater propensity for the rats in experiment 2 to take nicotine more frequently than sucrose. Kerstetter et al. (2012) found that food restriction decreased food responding and increased cocaine responding under a free-operant concurrent schedule. This finding is counterintuitive because food satiation might be expected to primarily decrease motivation to receive food. However, it is consistent with studies showing that food restriction increases drug selfadministration in general (Carr 2002; Carroll and Meisch 1984; Corrigall 1991) . Rats were food-restricted during most of the present study, but they were given ad libitum food in the home cage during part of experiment 5. Free feeding decreased nicotine self-administration when only the sucrose lever was available, but had little or no effect when both levers were available. It is uncertain why sucrose responding was not decreased by food satiation, but it is possible that the sweet taste of sucrose pellets had reinforcing effects that were relatively independent of the motivation to feed, unlike the grainbased pellets used by Kerstetter et al. (2012) .
Removal of the sucrose lever robustly increased nicotine self-administration in experiment 5. An effect in the same direction was obtained in experiment 4 but was weaker, possibly due to the lower, presumably less reinforcing dose of nicotine used in experiment 4. These results suggest that the rate of nicotine self-administration is determined at least in part by the relative value of nicotine compared to the concurrently available reinforcers. It should be noted that the order of test conditions was not counterbalanced across subjects in experiments 4 and 5, so these findings are tentative. Also, it is possible that the behavior of the rats in Experiments 4 and 5 could have been influenced in some way by their experience in experiments 1 and 3. Still, the present results are consistent with demonstrations that the availability of alternative reinforcers can decrease drug use in animals (Carroll et al. 2001; Lesage 2009 ) and humans (Higgins et al. 1994; Heishman et al. 2000) and that tobacco seeking in humans can be increased by devaluation of a concurrently available food reinforcer through specific satiety (Hogarth 2012; Hogarth and Chase 2011) . Interestingly, the option of receiving an alternative reinforcer (money) instead of smoking cigarettes can decrease smoking (e.g., Bisaga et al. 2007 ), but in a metaanalysis, such options were found to have a weaker effect on tobacco use than on heroin or cocaine use (Prendergast et al. 2006) .
Nicotine can have anorectic effects that might be specific for sweet foods (Grunberg et al. 1985) . Nicotine can also support conditioned taste aversion when paired with a novel, sweet taste (Pescatore et al. 2005) . These findings raise the possibility that nicotine-induced taste aversion or decreased appetite for sucrose might have been responsible for the unexpected finding that a substantial number of rats preferred nicotine over sucrose when their first exposure to sucrose pellets occurred within the concurrent nicotine-sucrose schedule in experiment 2. However, this possibility seems unlikely given that the rats that would later develop a sucrose preference (Fig. 2d ) had higher and more consistent levels of nicotine intake (i.e., they received doses that would be more likely to produce anorectic or emetic effects) during the first two sessions of concurrent access than the rats that would later develop a nicotine preference (Fig. 2c) . Furthermore, the potential of cocaine to produce anorectic effects (Cooper and van der Hoek 1993) , to support conditioned taste aversion (D'Mello et al. 1981) , and to disrupt food-maintained operant responding (Panlilio et al. 2000) does not seem to prevent the development of robust preference for sweet fluids over cocaine, even when rats are not exposed to the sweet solution prior to choice testing (Lenoir et al. 2007) .
Intranasal nicotine spray (Hogarth 2012) and smoking deprivation or satiety (Perkins et al. 1994 (Perkins et al. , 1997 can affect the choice between tobacco and nondrug reinforcers in humans under laboratory conditions, but studies of the effects of varenicline under such conditions have yet to be published. We examined varenicline in the present study because it is known to promote smoking cessation (Cahill et al. 2012) and to decrease nicotine self-administration in rats under a simple (non-choice) schedule of reinforcement (Costello et al. 2014; O'Connor et al. 2010) . At the highest dose tested, varenicline produced a selective decrease in nicotine self-administration under the concurrent schedule. The slight increase in nicotine responding at lower doses of varenicline could be due to a priming effect like that seen with low-dose nicotine replacement therapy in highly dependent tobacco smokers (Hogarth 2012) . Overall, our findings with varenicline suggest that the free-operant nicotine-sucrose procedure could be useful for testing other drugs for potentially therapeutic effects. For these purposes, sucrose responding can serve as a control condition, for example, showing that varenicline does not produce a general disruption of operant behavior or appetitive motivation. More importantly, the concurrent schedule might provide an animal model of tobacco use that models human environments where tobacco use is persistent despite the availability of nondrug reinforcers. Therefore, it would be sensible to develop a systematic program of translational research using this paradigm to evaluate the predictive validity of the method for assaying the effectiveness of treatment agents and to use it to better understand individual differences in dependence vulnerability, sensitivity to opportunity costs, and sensitivity to pharmacotherapy.
